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NOMENCLATURE

W
ITH THE continuing scaling of MOS devices, the hotcarrier-induced device degradation has become a major reliability concern in sub-and deep-submicronmeter MOS-FET's. It is believed that the degradation is mainly due to the effects of the generated oxide-trapped charges and interfacetraps at the Si-SiO interface. In general, the large electric field is strongly localized near the drain, therefore, carrier injection and interface-trap creation are similarly concentrated. The strongly inharmonious characters of hot-carrier injection and resulted damages present a considerable challenge to both experimental and modeling efforts.
One well-known experimental approach for measuring the Si-SiO interface-traps created by the hot-carrier stress is the charge-pumping technique [1] - [11] . In 1988, the ac drain pulse technique had been proposed to measure the spatial variations of hot-carrier-induced interface-trap density near the drain from small-geometry MOSFET's [12] . After then, a similar technique had been developed to measure the lateral distribution of effective oxide-trapped charges [13] . However, according to our recent research [14] , it is shown that the physical basis of using the ac source/drain pulses is incorrect and the charge-pumping current is shown to be not sensitive to surface electric field in the inversion region but only sensitive to surface carrier concentration. Moreover, the extracted results using the ac source/drain method are sensitive to the applied waveforms and the delay time between the gate and source/drain pulses. Recently, a simple method has been proposed to derive the spatial distribution of hot-carrier induced interface-trap density [15] , however, this method can only be applied for the case without oxide-trapped charges; moreover, its accuracy is poor.
In this paper, a novel charge-pumping method using dc source/drain biases is proposed to extract the lateral distributions of both interface-trap and effective oxide-trapped charge densities. Based on the proposed new method, we can 0018-9383/97$10.00 © 1997 IEEE obtain the same damage profiles from the measured data under different gate or substrate biases. A detailed description of the proposed new method is given in Section I, which includes model derivations, applied gate waveform for measurements, and iteration process to obtain the accurate interface-trap density distribution. In Section II, the experimental results are presented, in which both the spatial damage distributions along the channel direction and the energy distribution of the interface traps in the bandgap have been extracted. In the last section, conclusions are made.
II. MODEL DERIVATIONS AND EXTRACTION METHOD
Based on a new charge-pumping current model [14] for a long-channel n-MOSFET with uniform interface-trap density distribution, the charge-pumping current per cycle related to the minimum gate voltage can be expressed as (1) where is the saturation charge pumping current when the silicon surface is strongly inverted at , which is the function of , and and can be obtained easily from the curves of a long-channel MOS device [14] ; the value can be obtained from two-dimensional (2-D) numerical analysis. Note that the waveform used is important to obtain the correct results, the , and values are kept constant and the period is varied with to obtain and The experimental setup and the applied waveforms for the gate pulse are shown in Fig. 1 . Similarly, the charge-pumping current per cycle related to the maximum gate voltage can be expressed as (2) where and can also be extracted from the curves of a long-channel MOS device. For n-MOSFET's used in this paper, and are 0.326 and 0.388; and are 1.08E-17 and 2.16E-16 cm , respectively.
From (1), the charge density recombined in a cycle can be expressed as
For a device with nonuniform interface-trap density, (3) can be rewritten as (4) where is the position along the channel direction, and can be approximately expressed as (5) with (6) and (7) Note that is the average interface-trap density from to is the nonsteady-state hole(electron) emission time [5] . For simplicity, at the proximity of the source/drain junction is assumed to be only related to the interface-trap density, i.e., and are independent of and and can be separately approximated as (8) and (9) From (8) and (9), it is clear that is a function of through
The total charge-pumping current per cycle for a device can be written as (10) where (11) If the silicon surface is accumulated at is equal to 1 in the middle of the channel and decreases to 0 rapidly at somewhere near the source/drain junction. The principal concept for obtaining the local interface-trap density is to measure the charge-pumping current contributed by a local area. In the previous methods [12] , [13] , the difference of the charge-pumping current measured with different substrate biases is used to extract the local interface-trap density. However, because changes with , it becomes difficult to obtain accurately the charge-pumping current difference contributed completely by a local area. Using (8)- (9), it is obvious that if we keep , and unchanged, then (10) can be expressed as (12) and the charge pumping current difference per cycle measured from two low gate voltages and can be written as (13) If the device is symmetrical, (13) can be rewritten as (14) where is located at the center of the channel. If and are low enough to have the accumulated silicon surface, will be a highly localized weighting function near the junction, then we can obtain (15) , shown at the bottom of the page, where (15) Fig. 3 . A flowchart showing the extraction process. (16) Note that used to measure should be high enough to strongly invert the silicon surface. Calculating at and using a 2-D device simulator, we can obtain interface-trap density distribution using (15) .
If there is no long-channel device to extract the parameters and , an alternative method can be used. Using the "effective area" approach [16] , we have if if (17), (15) can be rewritten as (18) where and can be obtained from and However, the accuracy of (18) becomes poor when the interface-trap density is a fast changing function along the channel direction. Note that (15) and (18) can be used to calculate the interface-trap density of the unstressed devices. For the hot-carrier-stressed devices, one should measure the charge-pumping current before and after stress. Assuming the hot-carrier-induced damages only happen near the drain side, the increased interface-trap density can be written as (19), shown at the bottom of the page, or (20) Note that the integral range in (19) is limited in the drain side; is the distribution function after stress, which will be discussed later. To check whether the self-consistent result can be obtained, the charge-pumping current can be measured with different substrate biases. To keep the integral range in the bandgap to be the same for all measurements, and should change with to keep and (i.e., and unchanged. According to (8) and (9), and for different can be approximated as (21) and (22) One of the major benefits of the proposed new method using dc source/drain biases and varied is that we can obtain the accurate curves contributed by a small region near the source/drain junction, as shown in Fig. 2 . Using the method with ac source/drain biases [13] , overshoot or undershoot is usually found in the curves and the accuracy of the extracted effective oxide-trapped charge density becomes very poor. The effective oxide-trapped charge density can be derived from the difference after stress
where is the voltage related to the half-maximum value of the curves, as shown in Fig. 2 . Note that of the unstressed device is a function of and will decrease when closing to the drain junction. In general, adjustment of the surface potential variation after the hot-carrier stress is needed if the induced damages vary the function in (19) seriously. In that case, the iteration of the function and the calculated and profiles are needed: the function of the fresh device calculated by a 2-D device simulator is used to calculate and initially, and then the calculated and are used to simulate the new function, and the process is repeated until the convergence is obtained. Usually, it takes three or four iterations to derive the final results.
III. EXPERIMENTAL RESULTS AND SIMULATION
In this section, the hot-carrier stress experiments are presented, the induced interface-trap and effective oxide-trapped charge densities are extracted. The experimental transistor used to demonstrate the novel method proposed in this paper is the same as that used in [14] , [16] and is an n-channel MOSFET with the effective channel length of 0.58 m and the channel width of 100 m The device structure parameters given in Table I are measured or extrated for accurately simulating the characteristics of the fresh sample, in which the source/drain junction depth of 0.22 m was determined by SIMS analysis. Note that the metallurgical junction depth in lateral is determined by the source/drain junction depth and the lateral diffusion factor through simulation. From Table I , it is shown that the location of lateral metallurgical source/drain junction depth is m m, which is only used as the reference point for profiling the distributions of interface trap and oxide-trapped charge. The extraction process for the hotcarrier stress induced and is shown in Fig. 3 . Note that the characteristics are measured before and after the charge-pumping current measurement to check whether or not the gate pulses used in the charge-pumping current measurement have degraded the device. To our experience, the charge-pumping current measurement could induce the device damages when the surface is strongly accumulated with and the source/drain junction is applied with a high reverse bias. Therefore, this check becomes very important to prevent the wrong analysis for the hot-carrier induced damages. The dc stress conditions used in this work are V, V and V. The charge-pumping current is measured for different stress times to observe the time dependences of interface-trap and oxide-trapped charge generation.
A. Distribution of the Unstressed Device
Using (15), the interface-trap density near the junction can be obtained. The curves are measured with varying from to and varying from 0 to 2.7 V. The typical and curves of an unstressed device are shown in Fig. 4(a) . It is obvious that the curves obtained from different are smooth and can be used to derive of the unstressed device. The saturation values of the curves are used to calculate of the unstressed device, and both and are 2E6 V/s. As shown in Fig. 4(b) , the distributions derived from different and are self-consistent, and this means that the developed technique is stable and reliable. It is clearly shown that the interface-trap density is constant in the center of the channel and increases when closing to the source/drain junction, and the peak value appears at the proximity of the junction. It is the first time that the spatial interface-trap density distribution of an unstressed device can be measured so well.
B. Spatial Distributions of and Induced by Hot-Carrier Stress
The process of the charge-pumping current measurement for the stressed MOSFET devices is the same as that of the unstressed case, but (19) and (23) are used for and extractions. Because serious positive oxide-trapped charges are found after stress and the change of the surface potential near the drain junction cannot be ignored. Therefore, the iteration process mentioned in the previous section is necessary to obtain the accurate distribution. At the beginning, the function of the unstressed device is used to calculate and , and after four iterations, the calculated and values have converged to the stable values, and the values derived from different measuring conditions are shown to be selfconsistent, as shown in Fig. 5 . The distribution derived from (20) is shown in Fig. 6 and is compared to that derived from (19), it is obvious that the difference appears at the proximity of the drain junction because of the inharmonious distribution near the drain junction. Therefore, (20) is a good approximation only for the case with smooth distribution. Note that the similar "effective area" approach for (20) had been used in all previous works to extract the spatial distribution, and this approach could induce obvious error because the peak of the distribution will be smoothed out. The and distributions after several stress times are shown in Fig. 7 . Although the structure parameters shown in Table I have two decades numeral, they are only used to determine the reference point ("0" point) in lateral. The spatial distributions of interface-trap and effective oxidetrapped charge densities relative to the reference point ("0" point) are computed iteratively by the charge-pumping equations given in Section II from the measured charge-pumping data; therefore, the resolution of three-decades numeral can be obtained. Note that the peak profiled by our novel chargepumping technique isn't located at the lateral drain junction, but is located in the gate-overlapped drain. This phenomenon is reasonable because the nonlocal effect [17] , [18] of hot electrons will displace the peak distribution of hot electrons from the peak lateral electric field. The distance from the lateral drain junctions and the generated peak interface traps is about 0.003 m (30Å) and this magnitude is approximately equal to the mean-free-path of hot electron and optical surfacephonon scattering.
C. Energy Distribution of in the Bandgap
Assuming that the energy distribution is independent of the spatial position, the distribution of in the upper part of the bandgap can be expressed as [11] (24) and that in the lower part of the bandgap can be expressed as (25) Note that measuring the energy distribution of interface traps after the hot-carrier stress is useful for the 2-D numerical simulation of the stressed characteristics. The extracted distributions related to several stress times are shown in Fig. 8 . There appear two peaks in the upper band, this means that there are two kinds of major interface-traps generated during the hot-carrier stress.
IV. CONCLUSIONS
An accurate and reliable charge-pumping method using dc source/drain biases is developed to extract the lateral distributions of both interface-trap and effective oxide-trapped charge densities. Using the specified gate pulses with fixed , and the varied with , the smooth curves related to a localized area near the drain(source) junction can be easily obtained and the interface-trap and effective oxide-trapped charge densities related to this area can be calculated at the same time. The effects of the hotcarrier-stress induced and on the surface potential are considered in this work to derive the accurate results. It is shown that the and distributions derived from different or are self-consistent. It should be emphasized that the developed method can also be applied to p-channel or LDD MOSFET's. Therefore, the developed novel charge-pumping method will give the accurate analysis of the hot-carrier generated interface-trap and oxide-traps, which becomes the basis for future hot-carrier lifetime prediction.
